Introduction
Dental fractures in domestic dogs are common. The prevalence is reported to be as high as 27%. 1, 2 The canine teeth of dogs, due to the prominent position in the rostral oral cavity, are vulnerable to trauma. In addition, the canines are used for apprehension and defense, which adds to their vulnerability. The most commonly fractured tooth in the dog is the canine tooth with a reported frequency between 35.5% and 57.1%. 1, 2 The morphology of the canine tooth, in particular the crown height (H) to base diameter (D) ratio (H/D), may also contribute to its fracture vulnerability ( Fig. 1 ). Previous investigations using beam theory and two-and threedimensional finite element models have revealed an inverse relationship between tooth height and both tooth strength and fracture resistance in wild carnivores. [3] [4] [5] Additionally, previous work suggests that a high crown H/D may decrease the fracture resistance of canine teeth in dogs. 6 Due to the naturally high H/D of the canine tooth, when a load is placed near the cusp it is subjected to a significant The Influence of Crown Height to Diameter Ratio on the Force to Fracture of Canine Teeth in Dogs Jason W. Soukup, DVM; Caitlyn Collins, MS; Heidi-Lynn Ploeg, PhD
Summary:
Previous work suggests that the tooth height to diameter ratio (H/D) may have an influence on the fracture resistance of dog canine teeth. Thus, it can be hypothesized that canine teeth with distal abrasion or teeth already requiring pulpal manipulation may benefit from a reduction in height and that an ideal H/D exists that balances tooth fracture resistance and tooth function. Therefore, a study was performed to investigate the influence of H/D on force to fracture and probability of fracture of canine teeth in dogs. Thirty extracted canine teeth from laboratory Beagle dogs were standardized by hard tissue volume and evenly distributed among three groups; unaltered H/D (group A), 10% reduction in H/D (group B), and 20% reduction in H/D (group C). The teeth were potted in clear autopolymerizing orthodontic acrylic and then secured within a universal materials testing machine. A displacement was applied at a speed of 1-mm/min to the distoocclusal line angle at an angle of 45° to the long axis of the crown. The maximum measured force at the time of fracture represented the maximum force to fracture. A linear regression model showed a significant inverse relationship between H/D and force to fracture (p=0.043; 95% CI -55.2 to -0.09). A margin of safety (MoS) analysis was performed to determine the probability of fracture by comparing normal force distributions of the measured force at fracture to that reported in a previous study, representative of normal biting-pulling loads on canine teeth. When 100% of the load was applied to a single unaltered canine tooth the probability of fracture was 36.7%. Decreases in H/D of 10% and 20% resulted in a decreased probability of fracture by 24.1% and 60.4%, respectively. A paired MoS analysis was conducted wherein the applied loads were distributed across 2 maxillary canine teeth according to their relative heights. Within the pair, a 20% decrease in H/D decreased the probability of fracture of that tooth by 86.5%, but increased the probability of fracture of the unaltered contralateral canine tooth by 54.4%. The findings of this study support the hypothesis that teeth with a lower H/D are more resistant to fracture. However, given the potential impact of crown reduction of a single canine tooth on the load redistribution to the remaining unaltered canine teeth, further investigation is needed to determine what H/D would be ideal. In addition, future studies could elucidate in which clinical scenarios the concept of H/D reduction could be implemented. The results of this study may have implications on the successful long-term management of traumatized canine teeth in dogs. J Vet Dent 32 (3); 155-163, 2015
Figure 1
Illustration of a canine tooth depicting the location of the height (H) and diameter (D) measurements relative to the cementoenamel junction (CEJ). moment compared to other teeth. 7 The large magnitude of the moment placed on the crown may be partly explained with the formula M = F x a, where M=moment, F=force and a=moment arm. The crown height represents the moment arm for a force applied perpendicular to the long axis of the tooth. For a given load applied to the crown, the longer the moment arm (taller the crown), the greater the moment generated at the base of the tooth. This moment is also directly proportional to the bending stress, and the tensile and compressive stresses it produces. In dogs that use the canine teeth to penetrate into objects (e.g., apprehension or Schutzhund training), the forces applied to these teeth are unpredictable in magnitude and direction making these teeth even more susceptible to fracture. 7 Based on the aforementioned concerns, it can be hypothesized that clinical reduction of canine tooth H/D may be advantageous in certain clinical scenarios. Specifically, canine teeth with distal abrasion or teeth already requiring pulpal manipulation may benefit from a reduction in height. It can also be hypothesized that an ideal H/D exists that balances tooth fracture resistance with function. However, this concept requires in depth evaluation. Therefore, a study was performed to investigate the influence of H/D on force to fracture and probability of fracture of canine teeth in dogs.
Materials and Methods

Teeth
Mandibular and maxillary canine teeth were surgically extracted from fresh or fresh-frozen canine cadavers that had been euthanized for reasons unrelated to the study. The crowns of the teeth were then examined to ensure that there was no evidence of pre-existing crown trauma or defects. The teeth were stored in 10% formalin 8 at room temperature until prepared for mechanical testing.
In order to minimize the variability in the size of the teeth included in this study, the following steps were taken to calculate the hard tissue volume of each tooth crown: n The crown height and major and minor base diameters were measured utilizing a method described previously. 6 The crown height was measured from the cementoenamel junction (CEJ) to the most coronal point of the crown along the facial axial wall. The major (mesial to distal) and minor (facial to lingual) base diameters were measured at the level of the CEJ (Fig. 1 ). n The total crown volume was calculated using the formula for a right elliptical cone [V= πab(h/3), where V = volume, a = minor base diameter, b = major base diameter, and h = crown height]. n A lateral radiograph of each tooth was then acquired with an indirect digital radiographic system a . Utilizing the precalibrated measurement capabilities of the viewing software, the pulp chamber diameter was measured in the mesial to distal plane at the level of the CEJ and the pulp chamber height was measured from the CEJ to the pulp horn ( Fig. 2 ). The hard tissue volume for each extracted tooth was calculated by subtracting pulp chamber volume from total crown volume. The mean hard tissue volume of all extracted teeth was then calculated. The first 30 teeth with a hard tissue volume
Figure 2
Lateral radiograph of teeth depicting the method utilized to obtain pulp chamber measurements.
that fell within ± 20% of the mean hard tissue volume were included in the study. The H/D was then calculated for each tooth included in the study. The 30 testable teeth were split into two groups of 15 based on the median H/D; those below and above the median H/D. Five teeth from the below median group and five teeth from the above median group were randomly assigned to one of three groups (A, B or C) such that each group consisted of ten teeth. Teeth trios were defined by matching teeth in groups B and C to a tooth in group A according to H/D. The H/D of individual teeth in group B was reduced by 10% of the H/D of its pair from group A. In group C, the H/D was reduced by 20% of the H/D of its pair from group A. Crown height reductions were performed with a #699 bur in a high-speed handpiece. The teeth were again stored in 10% formalin at room temperature until prepared for mechanical testing.
Force to Fracture Testing
The teeth were thoroughly rinsed and dried before being potted in clear auto-polymerizing orthodontic acrylic b . The roots of the teeth were potted such that the acrylic remained 1 to 2-mm below the CEJ. The acrylic was allowed to cure for a minimum of 48-hours before testing. Each tooth was secured with a custom-made fixture within a universal materials testing machine c and a displacement with a crosshead speed of 1-mm/min was applied to the distoocclusal line angle in a distal to mesial oblique direction at an angle of 45° to the long axis of the crown (Fig. 3) . A 0.25-mm thick piece of aluminum foil was placed between the tooth and the load applicator in order to prevent chipping of the tooth at the point of contact. 9 The maximum measured force represented the force required to fracture the tooth (F F ).
Margin of Safety Analysis
A margin of safety (MoS) analysis was performed in which the normal distributions of the required force to fracture (F F =N(µ F ,σ F )) in the present study were compared to the expected biting-pulling force on c a nine teeth (F E =N(µ E ,σ E )) [ Fig. 4 ]. The expected biting-pulling force was acquired from a previous study in which a load cell in series with a bite block, secured to a rigid structure 1 meter above ground (high position), was used to determine the maximum pulling force developed by 6 military dogs during biting exercises (F E = 480-1000 N, µ E = 874, σ E = 222 N). 10 Assuming that the biting-pulling force measured in the referenced study was evenly distributed between the maxillary canines, half of the expected biting-pulling force was used to represent the expected loading condition for a single tooth. The model also assumed the entire load was carried by the maxillary canine teeth during biting-pulling exercises. Direct comparisons were performed between the normal distributions of the force to fracture of each H/D group of teeth and the expected loading condition for a single tooth. A plot of the normal distributions of the required force to fracture for teeth within group A (F F,A ) and half of the expected biting-pulling force (F E ) was developed ( Fig.  5 ). 10 The normal distribution of the MoS (FMoS=N(µ MoS, σ MoS )) is simply the difference between F F =N(µ F, σ F ) and F E =N(µ E, σ E ) and was calculated using Equations 1 and 2. The probability of fracture (P Fracture ) is defined as the percentage of the cumulative probability distribution (P(MoS)) of the MoS = N(µ MoS, σ MoS ) less than zero (Equation 3).
Figure 3
Photograph of a tooth from group A depicting the load application set-up.
Figure 4
Illustration of the direct comparison between the required force to fracture for teeth within group A (F F,A ) and half the expected biting-pulling force 10 (F E ) for the Margin of Safety analysis.
In addition to the MoS analysis, the impact of a 20% H/D reduction of a single maxillary canine on the fracture probability of the unaltered contralateral canine was determined using a paired MoS analysis wherein the expected biting-pulling force was distributed across 2 canine teeth according to their relative heights ( Fig. 6 ). The normal distributions of the expected shared biting-pulling forces were then compared to the normal distributions of the measured force to fracture of the matching 20% H/D reduction and unaltered group of teeth, respectively.
Statistical Analysis
Means and standard deviations (µ F and σ F ) were used to summarize the required force to fracture for teeth within each experimental group. Associations and their confidence intervals (CI) between H/D and force to fracture were assessed with three methods: linear regression; mixed effects linear regression with teeth trios as a random effect; and analysis variance (ANOVA) between experimental groups and repeated measures within teeth trios ANOVA models. The statistical assumptions of independence and normality of the errors were sufficiently met for each method. All analyses were done with a commercially available software program d and P values < 0.05 were considered significant.
Results
Fracture Resistance Analysis
The descriptive characteristics of the teeth utilized in the study were recorded (Tables 1 -3 ). The mean forces required to fracture teeth in groups A, B and C were 494 N (range=294-687 N; median=504 N), 573 N (range=172-841 N; median=574 N) and 630 N (range=403-901 N; median=614 N), respectively. The forces required to fracture individual teeth were recorded (Tables 1 to 3, Fig. 7 ). Raw force versus Table 1 Physical characteristics of unaltered canine teeth (group A).
Figure 5
Probability distribution plot of the normal force distributions for the required force to fracture for teeth within group A (F F,A ) versus the expected biting-pulling force 10 (F E ) used for the Margin of Safety analysis. The shaded region represents probability for fracture.
Figure 6
Illustration of the height dependent force distribution of the expected biting-pulling force 10 deflection data of select representative teeth from each group were also recorded ( Fig. 8 ). An inverse linear relationship between H/D and µF was observed (p=0.043; 95% CI -55.2 to -0.09) ( Table 4 , Fig. 9 ). No significant difference was found in the µ F between groups A and B or between groups B and C. However, there was a significant difference between groups A and C. The repeated measures ANOVA within matched teeth trios revealed that a 10% reduction in H/D increased µF by 78.8 N compared to the unaltered teeth (p=0.283; 95% CI -55.9-213.6). A 20% reduction in H/D increased µ F by 136 N compared to the unaltered teeth (p=0.049; 95% CI 0.9-271) ( Table 5) .
Margin of Safety Analysis
The results of the MoS analysis were recorded (Tables 6  and 7 ). Assuming the teeth in the present study were exposed to half the expected loads generated in the dog oral cavity, 10 the probabilities of fracture of the teeth in groups A, B and C were 36.7%, 27.8% and 14.5%, respectively. A plot of the cumulative probability distribution of MoS versus MoS for group A was recorded ( Fig. 10) . Decreases in H/D of 10% and 20% resulted in a decreased probability of fracture by 24.1% and 60.4%, respectively, compared to the unaltered teeth. The paired MoS analysis found that a 20% decrease in H/D decreased the probability of fracture of that tooth by 86.5%, but increased the probability of fracture of the unaltered contralateral canine tooth by 54.4%.
Discussion
The present study found a significant inverse relationship between H/D and force to fracture. This inverse relationship confirms the hypothesis that reduction in H/D increases fracture resistance. There is a 95% certainty that the true increase in force required to fracture the tooth with a 20% reduction in H/D compared to the unaltered tooth is within the range of 0.9 to 271 N. This sample population estimates for every 0.1 unit increase in H/D, the F F decreases on average by 29.9 N. Additionally, there is a 95% certainty that the true decrease in F F for each 0.1 increase in the H/D is in the range of 2.3 to 57.5 N. Although this inverse relationship has previously been shown with classical beam theory and finite element analyses of generic canine teeth, [3] [4] [5] this is the first Table 3 Physical characteristics of teeth with a 20% reduction in height to diameter ratio (group C). SD = Standard Deviation. 
Figure 7
Mean required force to fracture (µ F ) for teeth within groups A, B, and C with 95% confidence intervals labeled.
Figure 8
Force versus deflection curves of select representative teeth from groups A, B, and C. The measured maximum force represented the required force to fracture.
Figure 9
Linear regression model depicting the inverse linear relationship between H/D and force to fracture.
Figure 10
Cumulative distribution plot from the Margin of Safety analysis showing the probability of fracture for a tooth from group A. The shaded region represents fractures.
Table 4
Simple linear regression and mixed effects linear regression with matched trios analyses revealing a significant inverse linear relationship between force to fracture and height to diameter ratio (H/D). study to show this relationship in an experiment using natural teeth. While this concept may initially seem intuitive, obtaining the expected results substantiates the utilized methods and provides fundamental data for future research on the influence of hard tissue alteration (for example distal abrasion, crown fractures, crown preparation) on the fracture resistance of canine teeth in dogs. The coefficient of determination (R 2 ) estimated that only 13.8% of the variance in force to fracture found in this study could be explained by H/D alone; therefore, other factors must contribute to the fracture resistance of the tooth such as mechanical properties (e.g., modulus of elasticity, hardness, toughness), differences in hard tissue volume, and other unknown factors. One tooth in group C did not fracture at the testing system's upper limit of approximately 900 N. The H/D of this particular tooth was 1.65, which was higher than other teeth that did fracture. Thus, this single tooth could be considered further evidence that factors other than H/D have an influence on the fracture resistance of teeth. One study suggested that the fracture resistance of bovine enamel and dentin varies depending on the direction of the dentinal tubules relative to the direction of incremental lines representing daily dentinogenesis, which can vary based on the location on the tooth. 11 However, systematic studies on the mechanical properties of canine teeth in carnivores have not been reported.
Analysis Estimate (95% CI) P-value R-squared
Simple Linear Regression
Due to methodological challenges, few studies reporting the measured bite force in dogs exist. In a study of bite forces in live dogs of varying size and bite enthusiasm, bite force measurements ranged between 13 and 1394 N (mean 256 N). 12 However, that study did not measure forces isolated to the canine tooth as was applied in the present study. Forces generated near the canine tooth by electrical stimulation in anesthetized dogs have also been reported. 13 The forces were measured just distal to the canine teeth and were found to be between 147 and 926 N. The range of forces required to fracture teeth in the present study fell just within the low and high end of this range. Further, most canine teeth do not fracture under occlusally directed masticatory loads. Canine teeth more often fracture due to a frontally-mediated traumatic force or biting-pulling forces, supporting the use of this latter directional testing method 10 in the MoS analysis of the present study. In 90%, 60%, and 70% of the teeth from groups A, B, and C, respectively, the teeth fractured within the range of 300 to 700 N. Therefore, it is plausible that canine teeth of any height may fracture under the forces that dogs can generate during biting-pulling exercises. Despite the relatively high prevalence of canine tooth fractures reported in previous studies 1,2 and the comparable 36.7% probability of fracture found in the present study, the typical force applied to the canine teeth during routine activity is probably less than that required to fracture the tooth in most dogs.
The ratio between the force required to cause a structure to fail and the force that the structure is expected to withstand in routine use is commonly referred to as the factor of safety. 7 Zoological studies of wild canid and felid dentition present the hypothesis that the factor of safety is larger in biological structures when their failure is associated with greater consequences. 7 Given that fractured teeth do not have the ability to repair themselves after fracture (a significant consequence), an argument could be made that teeth should possess a high factor of safety that would allow teeth to withstand high forces. 7 However, previous studies in wild canids have shown fractured teeth to be a relatively common finding. 7 Similar to a factor of safety calculation, the present study utilized a MoS Table 6 Single tooth Margin of Safety analysis. μ = Mean; σ = Standard Deviation; *Calculated using high position biting-pulling force data. 10 Table 7 Paired Margin of Safety analysis μ = Mean; σ = Standard Deviation; *Calculated using 1.2 x high position biting-pulling force data10; **Calculated using 0.8 x high position biting-pulling force data. 10
Required Force
Expected analysis to compare the normal distributions of a structure's strength to the expected loads; and, therefore to determine the probability of failure of the structure. In the present study, the MoS analysis was performed to determine the probability of fracture of a canine tooth when subjected to typical bitingpulling forces. As such, the MoS analysis utilized the normal distributions of F F and F E to determine the probability of fracture of each tooth. 10 All canine teeth in the present study fractured within the reported range of forces generated near the canine tooth in domestic dogs. The MoS analysis predicted that if F E was applied to the unaltered group, 10 36.7% of the teeth would fracture. Therefore, the MoS of the canine tooth in domestic dogs may be considered low. The MoS of the tested teeth increased as the H/D decreased. At a 10% and 20% H/D reduction, the probability of the tooth fracturing was reduced by 24.1% and 60.4%, respectively. This study has shown that a reduction in H/D would improve the fracture resistance of a canine tooth. However, during normal oral activity, forces are not isolated to a single tooth and are distributed to other canine teeth. Therefore, the impact of a height reduction of one tooth on the remaining unaltered canine teeth must be considered. To assess this effect, a paired MoS analysis was utilized. The paired MoS analysis found that a 20% H/D reduction of one canine tooth reduced its probability of fracture by 86.5%. However, reduction of the H/D of one canine tooth is potentially detrimental to the fracture resistance of the remaining unaltered teeth as evidenced by a 54.4% increase in probability of fracture of the unaltered contralateral canine tooth. Veterinarians must be cognizant that efforts to improve the biomechanics of a single tooth by altering H/D may have a negative influence on the biomechanics on the entire oral cavity. An ideal H/D may exist that maintains proper function of the oral cavity and maximizes fracture resistance of the tooth in question. However, that information cannot be determined from this study alone and further investigation into this possibility should be pursued. Additionally, studies evaluating the impact of H/D reduction on previously traumatized teeth would be beneficial.
Several limitations are acknowledged in the present study's methods. On the subject of sample population, the present study was limited to a single breed of dog for the source of canine teeth. Further, the MoS analysis of the present study only utilized the high position mean biting pulling force (µ E ) and standard deviation (σ E ) of 5 military dogs. The high position data were used as they were higher than that of the low position, therefore representing the worst case scenario. Despite the small and relatively uniform sample population, the results of the present study concur with several epidemiologic studies showing a relatively high rate of canine tooth fractures in dogs and other carnivores. 1, 2, 7, 14 However, the prevalence of clinical tooth fractures is highly dependent on factors for which the present study did not account. Such factors may include dog breed and size, presence of pre-existing dental wear or other iatrogenic alteration, parafunctional habits of the dog, work demand of the dog, and chewing/bite enthusiasm. 12, 13 As such, the results of this study may not apply to all dogs. Though efforts were made to limit the variability between samples using the H/D and grouping based on mean hard tissue volume, variability in material and mechanical properties between samples likely still exist. Further, the hard tissue volume calculations of the present study can only be considered as estimates since the canine tooth does not have a uniform shape.
In terms of the mechanical testing, the present study was limited in its ability to replicate the natural oral cavity environment. The teeth used in this study were stored in 10% formalin until mechanically tested. This practice followed the recommended infection control guidelines for use of extracted teeth by the Center for Disease Control. 15 The influence of 10% formalin on the mechanical properties of teeth has not been studied extensively but is of some concern. One study performed tensile and three-point bending mechanical tests to determine the strength of human dentin stored in either formalin, deionized water, or saline and found that the storage medium had no significant influence on the fracture strength or fracture toughness. 8 The authors concluded that extracted teeth should be stored in formalin prior to mechanical testing. The teeth were tested dry, at room temperature, and at a rate of 1-mm/s. Testing the teeth outside of a warm saline environment may have influenced the results of the present study. Displacement rates for acute trauma may be much higher than applied in the present study and may reduce the F F in the field compared to the laboratory setting. Therefore, the results of the present study may have overestimated the true MoS of canine teeth. Concerning the MoS, the probability of fracture calculations assumed that both the F F and F E were normally distributed. Any bias in either data set could cause over-or under-estimation of the true probability of canine tooth fracture in the present study.
The experimental design of the present study placed the load on the tip of the canine tooth at a 45º angle to the long axis of the tooth. This load vector generated combined compressive axial and bending stresses within the tooth. A literature review on the subject of load placement on the canine tooth failed to reveal any documentation of the exact location and direction of load that is typically carried by the canine tooth. Other biomechanical studies of canine teeth have, often out of necessity, evaluated forces that are either perpendicular to (transverse) or parallel to (axial) the long axis of the tooth. 3 These forces certainly occur in dogs but fail to account for the combined effect of axial and transverse loads that typically arise when a dog bites into and pulls on an object. The methods used in this study to model the natural fixation of a canine tooth failed to account for the compliance of a periodontal ligament. The relatively stiff potting medium introduced an artificial stress concentration at the base of the tooth and reduced the deflection of the tooth prior to fracture. Despite the stress concentration at the base of the tooth, the fracture patterns of the teeth reflected those seen clinically. Therefore, it can be concluded that the load application and potting medium did not compromise the results of the present study. To account for the complex loading, geometry and mechanical properties of the tooth, periodontal ligament, and alveolar bone interface, a finite element analysis would need to be conducted. 4 Lastly, the scope of the present study was limited to investigating the effect of H/D on fracture resistance. Although the influence of crown preparation design on the fracture resistance of canine teeth was not evaluated in the present study, given the hypothesis that crown height reduction prior to full coverage crown therapy may improve the fracture resistance of the tooth, the various other factors manipulated during crown preparation design are important considerations. As such, care should be taken when comparing the results of the present study to the results of others.
In conclusion, the results of the present study support the hypothesis that reduction in the H/D of the canine tooth in dogs increases fracture resistance of a single tooth and may suggest future clinical implications. In addition, the results of the present study serve as a foundation of data for future research on the clinical management of traumatized teeth. However, studies evaluating the potential advantages and disadvantages of crown height reduction as opposed to other crown strengthening methods (e.g. full coverage crown) would be warranted. Therefore, the clinical questions of the existence of an ideal H/D that balances proper function of the oral cavity with maximized fracture resistance and the applicability of routine crown height reduction to reduce fracture susceptibility require further investigation. Future biomechanical and clinical investigations of the short-and long-term consequences of crown height reduction should be conducted prior to routine institution. 
